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SUMMARY

An effective procedure for NASTRAN has been developed that permits any number of substructures
of any size to be synthesized for the purpose of developing normal modes of vibration of the complete
structural system. The technique is extended to permit modal transient analysis of the subdivided
bystem This latter procedure permits the use of NASTRAN’s ability to include nonlinear forces in the
problem The five-phase process is accomplished using standard NASTRAN rigid formats w1th

problem-lndependent alter packages and DMAP sequences.
\

f INTRODUCTION

[Ll”he advent of finite-element techniques has led to development of computer programs that perform
efficient analyses of large-order structural systems of arbitrary geometry. Yet, for very large problems,
it becomes impractical to attempt to develop and analyze a mathematical model of the entire
structure. Questions of adequate data management and the cost of the analyses make such efforts
difficult. Consequently, techniques have been developed to permit the structural system to be divided
into smaller units, or substructures, which may then be modeled separately.

| Substructure models, represented by some truncated set of degrees of freedom, are eventually
brought together by the application of compatibility requirements at the interfaces. The resultant
system representation is analyzed and the behavior of each substructure is determined by a
back-substitution process.

The mode synthesis technique has been developed to permit dynamic analysis of such subdivided

structures. A truncated set of vibration modes of a component is used as generalized coordinates to
approximate dynamic characteristics. The several substructures are coupled by (1) compatibility
relationships at the interfaces, and (2) modal transformations relating physical degrees of freedom
'with the generalized component modal coordinates. Solution of the resultant equations yields system
-eigenvalues and eigenvectors.
s The use of vibration modes alone, however, usually fails to describe adequately the behavior of
the system, particularly in the regions of the interior boundaries (interfaces). Consequently, the
'substructure vibration modes are augmented by other displacement functions. Numerous alternatives
-will be found in the literature. Hurty (Reference 1) and Craig and Bampton (Reference 2) employ
“constraint” modes, defined by unit displacements of interface degrees of freedom on a fixed
interface boundary. Bamford, e al (Reference 3) and Rubin (Reference 4) use “attachment” modes,
defined by unit forces at each interface degree of freedom. Rubin has shown that this concept may be
used for free interface boundaries, as well as fixed, toproduce inertia relief deformations in
unrestrained substructures. It is this latter arrangement that is employed in the development of mode
synthesis via NASTRAN that follows. The technique can be easily modified to use constraint modes
and fixed interface boundaries.
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Synthesizing substructures for dynamic analysis via NASTRAN has been discussed previously.
The NASTRAN Theoretical Manual (Reference 5) discusses the use of scalar elements and MPC sets to|
represent substructures. These procedures were reviewed and amplified by Courtney (Reference 6).
The current approach exceeds this earlier work by explicitly including attachment modes and by|
providing automated communication of data between component and system levels. The ability to,
develop the structure characteristics and acquire results in spatial coordinates enhances the procedure,.
particularly when considered from a production environment viewpoint.

The synthesis may be performed using any number of independently formulated substructures of
any size. No restrictions are placed on the identification schemes used in component model|
development, since they are not carried over into the synthesis. The technique uses standarized alter

packages and DMAP sequences that are virtually independent of the problem characteristics; thus
the often present necessity for user specification ot many data handling directives is avoided. Control
for matrix partitioning and merging are in the form of user-supplied partition vectors. |

An extension of the mode synthesis procedure includes the modal transient response analysis’
for the synthesized system, wherein the required modal data is recovered on a substructure-
by-substructure basis. Since the complete system may be quite large, the modal matrix is |
truncated to include only those degrees of freedom subjected to external loads or required to definej
the presence of nonlinear forces. Such nonlinear férces are included only after the mode synthesis has
been completed. The responses of the system, including internal forces and stresses, if desired, are!
recovered by back-substitution into each substructure. ‘.

The complete analysis process is divided into five sequential phases, witn communication .
between phases accomplished via User Tapes; e.g., INPT, and Problem Tapes (NPTP, OPTP). |

SUBSTRUCTURE MODAL ANALYSIS

Phase | of the mode synthesis/transient response analysis using NASTRAN is the development of
substructure, or component, modal data. This information is assembled in Phase Il for system modal
analysis. There are few restrictions and very little additional demands required for this phase over that
associated with a standard NASTRAN analysis. It is necessary to give special consideration to those
degrees of freedom in the component model that are involved in connection with other portions of the
structural system. Additional information is required to direct the preparation of the component
modal data for later synthesis.

The full range of NASTRAN’s resources may be employed to define a substructure model. Since
substructures are independently defined, no special restrictions are placed on identification or
numbering schemes.

Components may have any form of boundary condition at their external boundaries; i.e., those
boundary grid points not connected to other components. Connection grid points must be
unrestrained in those coordinates that are used to join the components.

Since the interface degrees of freedom are, by definition, unrestrained, the collectivity of normal
vibration modes cannot correctly define internal loads at the interface of the component. To correct
this deficiency, the dynamic modes are augmented by a selected set of static deformations, which,
when properly weighted and summed, will provide the internal loads at the interface degrees of
freedom. The static modes are generated by applying a unit force at each interface degree of freedom
in turn and letting the component deform. If rigid body motion is prevented by external constraints, a
straightforward static analysis results. If, however, a rigid body component of motion does result from

342




|

!the unit load at the interface, an inertia relief analysis is required to produce internal loads. For this
{reason, Phase 1 of the mode synthesis procedure is performed using Rigid Format No. 2, Static

iAnalysis with Inertia Relief, as modified by the alter package of Figure 1.

% PHASE UNt ALTER PACKAGE

'ALTER 500 50

PURGE KRRy KLR?»GRIDM/REACT $

‘CHKPNT KHRsKLRPQR'DM &

\ALTER 76

EQUIV . KAA,KLL/REACT s

CHKPNT KLL 9%

' COND LBL6,/REACT 8

ALTER 78

LABEL Lole $

ALTER 80

'COND LBL7,REACT s

'ALTER 84

'LABEL LBL7

|ALTER 88

iEuUIV PLsPLI/REACT/PO)POI/REACT $

'COND LBL1G/REACT $

ALTER 8Y

'LABEL LBL10 $

ALTER 110, 114

$ VIBRATION MODES

' DPD VDYNAMICS»GPLSIL USET/GPLD»SILDIUSETDr v e e v e EED?EQLYN/

| V.N,LUSET/V.N.LUSETD/V,NOZl/V&Nyzz/V'N:25/V0N924/

\ VINPLZS/VeN?Z6/VeNsZT/CINIG/VINIZY9 B

| SAVE 29 % _

" PARAM //7CoNs ADD/V N, VIBCASE/V,Y/NCON=0/CyNs1 $ MODES SUBCASE COUNT

ReAD NAAPMAAPMR DMy EED s USET»CASECC/LAMA»PHIAPMI»OEIGS/
CoN»MODES/VeNINEIGS/VeN» VIBCASE 3

' SAVE NEIGS $

- CHKPNT LAMA,PHIA,MI,0EIGS $

OFP LAMAYOEIGSr 9o //VeNeCARDNO $°

 SAVE CARDNO  $

' COND FINIS/NEIGS $

$ RECOVER FuULL MODE VECTOR

- SUR1 USLT;IPHIA'ovGOvbMv'KFSov/PHIGooubX/CiNol/CoNoREIG %
CHKPNT  PHIG,uGX $
- SDR2 CASECCPCSTMiMPT yDITIEQEXIN/SIL v v +BGPUT 1 LAMA»QGX ¢ PHIGIEST s/
‘ 1 OUG2»OPHIGYOES2/+ OEF2+PPHIG/CoNIREIG 3
- CHKPNT  PPHIG %
OFP UPHIG»0QG2+0EF2+0ES20 0 //V) N+CARDNO  $
SAVE CARDNO $

$ DYNAMICS PORTION OF GENERALIZED MATRICES

GKAM,

' PHIAYMI ) LAMA, s » 9 » CASECC /MHH » BHH s KHH »PHH/V ¢ N+ 29/
CoeNpLlOD/CoNP0o/CoNs 0, /CoNp=1/CoNr=1/CoNyp=1/VeNyNCC/VIN,FMODE %

$ ATTACHMENT MOD: PARTITION OF GENERALIZED MASS AND STIFFNESS MATRICES

MPYAD UGV e MGG /AM/CoN»l %

MPYAD AM ULV e /MGEN/C)Ny0 $ GENERALIZED MASS (ATTACHMENT)
MPYAD UGVIkGGr /AK/CoNs1 $

MPYAD AK UGV e /KGEN/C»No 0 $ GENERALIZED STIFFNESS (ATTACHMENT)

Figure 1. Phase I alter package.
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CHKPNT  MGEN,KGEN S

$ OFF~-DIAGUNAL PARTITIONS

MPYAD AM)PHIG?»/ML/CeNe0O % L.Ls PARTITION (MASS)

MPYAD AK,PHIG»/KL/CoNs0 3 LeL, PARTITION (STIFFNESS)
TRNSP ML/MU $ U.R. PARTITION (MASS)

TRNSP KL/KU $ U.R, PARTITION (STIFFNESS)

$ GENERALIZED MATRICES AND CONNECTION PARTITION OF MODES
MERGE MHH, ML oMU, MGEN, STATIC» /MASS/C,yNy=1/CoNs2/CoNy6 %
MERGE KHHo KL e KUsKGENs STATIC e /STIFF/CoNe=1/CeNe2/CoN26 %
MERGE PHIG» tUGV s s STATIC»/MODES/CosNr1/CeNs2/CotNv2 %
PARTN MOUES» 1 COOF/ ¢ INTER» 9 /CoNe1/CoNe2/CoN20/CoNs2 $
MERGE GGXo 0 QGr ¢+ STATIC»/QQG/CeNe1/CrNs2/CeNe2 3

CHKPNT MOUES QGG 8

PARAM //7CoyNeNOP/VeYPRINT==1 % .
COND LIST)PRINT $

MATPRN MASS, STIFF» INTERe»//9 |
LABEL _ LIST S |

$ WRITE MATRICES ONTO USER TAPE =INPT=-
PARAM //CoN*SUB/VeNIKOUNT/VeYrCOMP=0/CeNe1 $
PARAM 7/7CoNIMPy/VyNyCOUNT/VIN)KOUNT/CoNe3

CUND FINISPCOUNT 8 EXIT IF SEQUENCE NUMBER IS LESS THAN ¢

PARAM //CoNPSUB/VeNs IOTEST/VeN)COUNT/CrN»1 3 |
COND 101, 1OTEST 8 JUMP IF FIRST COMPONENT

INPUTTYL Zsrpo/CoNe=1 $ REWIND =INPT=-

JUMP 102 %

|
LABEL 101 § \
OUTPUTY» r909//CoNe=1 $
LABEL 102 %
OUTPUT1 MASS,STIFFeINTER» »//VeNsCOUNT S
ENDALTER

Figure 1. Phase I alter package (concluded). ‘

The DMAP alterations supplied for Phase I add the eigenvalue extraction module and other
modules that merge the results of the static and dynamic processes to form the final component mode
matrix.

Data required by Phase Il is output to a User Tape. These data include the generalized mass and
generalized stiffness matrices associated with the merged mode vector matrix and the merged mode
vector matrix truncated to include only the interface degrees of freedom. The truncation is directed
by a partitioning vector supplied by the user. The Phase I analysis should be checkpointed for later use
in recovery activity in Phases III and V.

Additional data required beyond the model description include special control parameters
entered via bulk data card PARAM, and partition vectors, entered via bulk data card DMI. The specia
parameters required for Phase I include:

1. COMP — The sequence number of the component. Used to position the User Tape before writing
component data.

2. NCON — The number of interface degrees of freedom for the component. The number of stati
load subcases/static modes must agree with NCON.

3. PRINT — A positive value causes printing of the matrices written on the User Tape.
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rl'he partition vectors needed are:

}1. STATIC — Used to merge static and dynamic modes into one mode vector matrix. M = sum of all

| modes computed (static and dynamic, including rigid body). Anelement value of 1 locates a static
mode in the merged matrix. There must be exactly the same number of positive elements in the

| vector as there are static modes.

E. CDOF — Used to identify the interface degrees of freedom. M = g size. Vector contains 1 for
| elements corresponding to the internal sequence number of all interface degrees of freedom.
\

; The Case Control deck must include (n + 1) subcases, where n is the number of interface degrees
:of freedom for the component (and, consequently, the number of static load cases). The
ﬁrst n subcases are static cases, with a LOAD reference in each. The last subcase is the modal

extraction subcase, with a METHOD card. Figure 2 illustrates a typical Case Control Deck.

REQUEST(NPTP,HD¢S) RING IN
‘ REQUEST(INPT,HD+S) RING IN
| ATTACHIN15¢NASTRAN1S» ID=TONE90970)
REWIND (NPTP, INPT)
MAP (OFF)
N15,ATTACH
RETURN(NPTP, INPT)
EXIT.
DMP(140000)
% RETURN(NPTP, INPT)
é (7=8=9)
‘ ID PHASE,  ONE
‘ APP DISP -
SoL 2v1
CHKPNT YES
TIME 2
$ . (PHASE ONE ALTER PACKAGE GOES HERE)
CEND
TITLESDEMUNSTRATION OF PHASE ONE DECK SET-UP
SPC = 173
MPC = 4177
OUTPUT

SET 37 = 2ul THRU 287
VECTOR = ALL
SPCFURCES = 37
$ THIS EXAMPLE ASSUMES FOUR CONNECTION
$ DEGREES OF FREEDOM,
SUBCASE 100

LOAD = 57

SUBCASE 206

LOAD = 371

SUBCASE 300

| LOAD = b6
‘ SUBCASE 4Uy

LOAD = 331

SUBCASE 500
METHOD = 840
BEGIN BULK
$ (BULK DATA DECK GOES HERE)
ErDDATA
(6=7~8~9)
Figure 2. Typical deck setup for Phase I.
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MODE SYNTHESIS

Phase 11 of the mode synthesis analysis involves generation of system dynamic characteristics throu!
synthesis of component information. This is performed using Rigid Format 3, Normal Mode Analyé
modified by the alter package of Figure 3. Direction is required from the user regarding compatibili
relations among the various components, and selection of component generalized coordinates. Ué
attention to certain aspects of internal data storage arrangements is required; in most cases, howevi
this is a trivial consideration. Since the activity involves operations on generalized, rather th
physical, coordinates, the intuition and understanding of the user become much more necessary th,
in a normal study. Further, component coupling is accomplished by imposing transforms (develop
from physical coordinate relationships) on the generalized coordinates. This requires the use of sor
mathematical sleight-of-hand that can lead to confusion unless the user is alert.

$ PHASE TwO ALTER PACKAGE

ALTER or74

$ STORE COMPONENT PARTITIONING VECTORS ON TEMPORARY DISK FILE
ouUTPUTZ POSI!LOCIOTRUNKl'D//C'N'-I/VOYDHULDzll $

oUTPUTZ POSZ!LOCZ'TRUNKZIo//CvNoO/V'YiHOLD 3

$ INSERT ADDITIONAL =0UTPUTZ2- STATEMENTS

$ UNTIL ALL COMPONENTS ARE TREATED

INPUTT2 /1999 /CoNo=1/VsY+HOLD $

PARAM //7CeNINOP/VeNy) TRUEZ=1 $

$ PARAMEfER K IS COMPONENT LOOP COUNTER

PARAM //CeNeSUB/VIN)K/VsYINCOMP=1/CyNs1 % |
PURGE SUMK »p SUMM SUMC/TRUE %

INPUTTL Zeree/CoeNe=1 %

JUMP TOPY S '

INPUTTR2 /SUMK!SUMM'SUMC"/C'NDO/VOY'XTRA=13 b

$ LOOP OVER ALL SUBSTRUCTURES, TRUNCATING COMPONLENT DATA ANWND
$ MERGING TO FORM UNCOUPLED SYSTEM MATRICES

LABEL TOoPL %

INPUTT2 /CP:RP'TRUNK"/CDNOO/V'YvHOLO $ PARTITIUN VECTORS
INPUTTL /MASSeSTIFFsINTERs2/CeNe0 S COMPONENT DATA

PARTN MASS » TRUNK » /MM 0 0 /CoNe=1/CoNe2/CrNs 6 $

PARTN STIFF o TRUNK) /KKy s /CoNp=1/CoNy2/CoNr0b $

PARTN INTER'TRUNKO/CC'!!/C'NOI/CON'2/CON02 $
MERGE » 20 9CCrCPeRP/CCX/CeNe1/CoNs2/CoNr2 %
ADD SUMC »CCX/CCXX S

EQUIV CCXXoSUMC/TRUE %

MERGE » (!oMM'CPv/MMX/Cer—l/CrNOZ/CoN'B %
ADD SUMM,) MMX/MMXX 3

EQUIV MMXX ) SUMM/TRUE &

ML RGE » ivrKK'CPv/KKX/C'No-l/C'N02/CON06 %
ADD SUMK o KKX/KKXX $

EqULV KKXX o SUMK/TRUE $

PARAM 7/7CoNISUB/VINIK/VeNIK/CeNe L $DECKREMENT COUNTER
COND ENDL1.K $

REPT TOP1,20 %

LABEL END1 $

CHKPNT SUMC» SUMM/,SUMK 8

PARAM //CeNeNOP/VIY»PRINT==1 $

Figure 3. Phase II alter package.
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COND PRNT1PRINT $
MATPRN SUMC » SUMMsSUMK ¢+ » //% PRINT SYSTEM UNCOUFLED MATRICES
. LABEL PRNT1 %
I PARAM //7CoNsNOP/VyN,NSKIP=Q $
© GPYG CASECCGEOMY yEQEXINs SIL GPDT/RGGr yUSET ¢/
VeNe LUSET/VeNsMPCFL1/VeNsMPCF2/VehNeSINGLE/VINIOMIT/
VerREACT/VrN)NSKIP/VDN.REPEAT/V:N.NOSET/V:N:NOA/V.N:NOL %
SAVE MPCF1eMPCF29sSINGLE +OMITIREACT s NSKIP)REPEATNOSETNOANOL $
" CHKPNT RGG,USET %
$ COMPATIBILITY RELATIONS YIELD REDUCTION TRANSFORM
~ VEC USET/VF/CoNeG/CoNICOMP/CoNIF S
PARTN RGGrVF?ZRGre e /CoiNel/CeNe2/CrNe2 9
} MPYAD RGySUMC»/A/CeNs0 $ COMPATIBILITY IN GENERALIZED COORDS,
VEC USET/VO/CyNsyF/CoeNyCOMP/C4,NyO ¢
PARTN AyVOs /AL r s AD»/CoNI1/CeNs2/CeN»2/CoN2s0O/CoNsl 3
SULVE AD)AL/B/CeNsO/CoNe=1 %
COND PRINT2»PRINT %
MATPRN Aebp e //%

|
|
| LABEL PRNTZ 8 -

| SMP2 USET»BrSUMM/MAA $ REDUCED SYSTEM MASS MATRIX
}

)

b SMP2 USET,BrSUMK/KAA $ REDUCED SYSTEM STIFFNESS MATKIX
' COND PRNT3sPRINT §

' MATPRN  MAA,KAAs sy //%
| LABEL PRNT3 $
| $ CONTINUE WITH STANDARD ANALYSIS METHODS USING =MAA= AND =KAA=

ALTER 80050
Fiss LLL,yULL o KLR/DM/Cy Ny 1/CoNy=1/C,Ny2/CoeNy2 &
ALTER 95, 112
[ MPYAD BePHIA» /UEPEND/CiNe0 $ RECOVER DEPENDENT COORDS
| MERGE PHLA)DEPEND Y v 2 o VO/FULL/CoNe1/CoN12/CeNI2 B
- QUTPUT2  LAMA,MIZFULL s »//CoNsQ/VeYsHOLD $
| $ PRINT ON DEMAND
PARAM //7CoN'NOP/V»Y)VECTOR==1 %
| COND PRNT4 s VECTOR $
MATPRN FULLe»or//%

LABEL PRETY $
ENDALTER

Figure 3. Phase Il alter package (concluded).

All component data required for mode synthesis is, at the beginning of Phase II, contained on a
Jser Tape in a sequential manner. In most cases, the number of component generalized coordinates
odes) to be used in the synthesis task will be less than the number provided through the individual
mponent analyses of Phase I. The user identifies the modes to be used by supplying partitioning
ectors for each component.
The key to the mode synthesis task is the compatibility relationship among the interface
oordinates, expressed in the following equation:

=0 (n
i . . . . .
/here X( ) are the interface coordinates for component i and S, is a transformation employed to
c i
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express the interface motions of all components in a common coordinate system. In matrix form, thi

becomes |

. ) |
: : : (1) } '_
[512 52 S sj] X

is imposed, which yields |

r - g 3 |
R : (1) |
sis iy |4 ‘
e (@ |

¢ L
...................... W =0 ‘(3J
¢(CJ) qG) |
i | ) ‘

For simplicity, the compatibility equation (Eq. 3) is rewritten as
[A] {a} =0 €

Motion at the interfaces is redundantly defined in the above equation. A set of dependent coordinates
must be identified such that they are equal in number to the excess interface coordinates, which, ir
turn, are equal in number to the compatibility equations. The choice is essentially arbitrary, excep
that for a singular system an appropriate set of rigid-body modes must be retained as independent
coordinates for reasons explained below. This set must be adequate to supply rigid-body motion in al
directions that are singular in the complete structural system. The compatibility equation i
partitioned into dependent and independent coordinates:

A CA
[ . ol | 4

1]
o

~

(¥,
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The relationship between dependent and independent coordinates is thus
I

o gt =agtial o) (6)

V
It is apparent from Eq.6 that the dependent coordinates must be chosen so that [AD] is
nonsingular, and hence invertible. The full set of generalized coordinates can now be defined in terms

of the independent coordinates.

I I
@)

This equation supplies the necessary coupling of component generalized coordinates required to define
the behavior of the full structural system. Letting

I
(8)

|
_ -1
' (AT [A])

“the uncoupled component generalized mass and stiffness matrices are transformed into coupled system
“matrices. If the assembled uncoupled matrices are [T ] and [k] where

| -
[ml= m:
........ (2)1
|
-G
oM
- _ =
k] = k(1)5
12
ék(j)
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then application of the transformation results in

M1 =817 [m1 18]

(K1 = 1617 (k1 (81 |
where [M] and [K] are coupled system mass and stiffness matrices in terms of the independent set of
generalized coordinates. These are used in the eigenvalue extraction to acquire system model data. The
mode vectors obtained are the system vibration modes, expressed in terms of the independent|
component generalized coordinates. .

The system mode vectors are expanded to include the dependent generalized coordinates and
stored, along with the eigenvalue table and system generalized mass matrix, on another User Tape.
These data are accessed 'in Phase III for purposes of recovering mode data in component physical,
coordinates. |

Each component generalized coordinate is represented in the NASTRAN analysis by a scalar|
point. In addition, the interface degrees of freedom are mapped on a one-to-one basis on another set of |
scalar points. It is advantageous to'employ a numbering sequence that can be used to distinguish easily
between those scalar points representing component generalized coordinates and those representing
interface degrees of freedom. The numbering scheme for the scalar points is arbitrary; however,’
partitioning vectors described below must be compatible with the internal sequence of points; thus, it‘
is desirable that some logical numbering scheme be employed to facilitate bookkeeping. Both!
component mode and component interface degree of freedom internal sequences cannot be altered
from the Phasel condition. Regardless of what scalar point numbering scheme is employed,
compatibility with these sequences must be maintained. Note that, if necessary, SEQGP cards can be
used to resequence scalar points. |

The definition of interface compatibility relationships‘(Eq. 2) is introduced by means of
multi-point constraint equations. It is the responsibility of the user to verify the coordinate
relationships defined by the MPC equations, including any necessary coordinate transformations. The
MPC cards supply these relationships in terms of the scalar point equivalents of the interface degrees
of freedom. The relationships defined must be sufficient to eliminate all redundancy in describing
interface motion. To illustrate, if there are n components interfacing at a grid point, then there
must be (n-1) MPC equations supplied for every direction in which motion can occur at that grid
point. Within that requirement, the choice of dependent degrees of freedom is arbitrary, since the
actual synthesis activity does not consider the distinction. The scalar points used as independent
coordinates in the MPC equations are placed in the S-set by SPC cards. This is done solely for the
purpose of internal bookkeeping and does not impose any real constraint on the actual structure. The
transform to generalized coordinates (Eq. 3) is performed automatically.

The division of component generalized coordinates into independent and dependent sets, as
required by Eq. 5, is done by specifying the dependent set on OMIT cards. The number of coordinates
omitted must be identical to the number of interface dependency equations defined by MPCs. The
specification is in terms of the scalar points representing the generalized coordinates. Based on this set
selection, NASTRAN automatically generates the coupled system matrices required by the eigenvalue
module.

If the full structure being analyzed exhibits singularities, temporary supports should be specified
via a SUPORT card. The scalar points that should be supported in this manner are those that represent
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rt of component rigid-body modes sufficient to define rigid-body motion of the full structure. Note
t the number of supports used must be equal to the number of rigid-body modes of the full system.
> normal choice of temporary support location will be the rigid-body modes of a single component.
It is recommended that normalization of eigenvectors be done to a unit generalized mass to
ntain a recognizable standard through the transformation back to physical coordinates.
Special parameters required for this phase are:

. NCOMP — The number of components in the synthesis (and for which data have been placed on a
User Tape).

PRINT — A positive value will cause the printing of intermediate matrices.

VECTOR — A positive value will cause the printing of a matrix containing mode vectors in
component generalized coordinates.

F partition vectors required are:

TRUNKIi — Identifies modes of component i present on the User Tape that are to be deleted
(i.e., not used for the synthesis). M = number of component i modes computed and stored on
the User Tape. An element corresponding to a mode to be deleted has value of 1.

i

|

\

T POSi — Locates component modes in uncoupled system matrix. M = sum of all component
modes to be used in the synthesis. Element has a value of | when corresponding to a mode of
component i. (The sum of all POSi vectors is a unity vector.)

LOCi ~ Locates interface degrees of freedom for component i in truncated uncoupled mode
vector matrix. M =sum of all interface degrees of freedom. Element has a value of | when
corresponding to a degree of freedom of component i. (The sum of all LOCi vectors is a unity
vector).

ferences for MPC, SPC, and eigenvalue METHOD must be present in the Case Control Deck, along
‘h the titles, etc. None of the usual output options is available in this phase. A sample case control
>k is given in Figure 4.

RECOVERY OF SYSTEM MODE SHAPES

e system modal information in physical coordinates can be recovered on a
nponent-by-component basis using the DMAP sequence of Figure 5, the problem tapes generated in
1se I, and the User Tape created in Phase II. The User Tape contains not only the modal data but
> the partitioning vectors supplied in Phase Il to define the positioning of the component
eralized coordinates. These are applied to the system mode vector matrix to truncate it to the
eralized coordinates for a selected component, [q(’)] . The portion of the system mode shape for

jth component [¢(s])] is expressed in the component global coordinate system by means of

k-substitution, using the component mode matrix [¢S)] , as a transformation:

[¢>(])] = [¢(J)] [q(J)] ’ (9)

ransient analysis is to be performed, these data are stored on a User Tape for use in Phase IV. Once the
dal amplitudes of the physical coordinates have been determined, full use of NASTRAN’s output
ion is available; this option permits printing and/or punching of displacements, constraint forces,
ernal forces, and internal stresses.
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REQUEST(UT1,%PF)
REQUEST ( INPTsHD#» S» VSNSXXXXX)
REWIND(UTLs INPT)
ATTACH(N1S,wASTRAN1S, ID=TONE90970)
MAP (OFF)
N15,ATTACH
CATALOG(UT1,YOURPERMFILE»ID=YOURZZ222)
RETURN ({ INPT)
ExIT.
OMP(140000)
RETURN(INPT)
CATALOG(UT1,YOURPERMFILE ID=YOURZ2222)
(7-8=9)
1D PHASE ¢ TwO
APP DISP
SoL 300
TIME 2
$ (PHASE TwO ALTER PACKAGE GOES HERE)
CEND
TITLE=DEMONSTRATION OF PHASE TWO DECK SET-UP
MPC = 381
SPC = 16
METHOD = 517
BEGIN BULK
$ (BULK DATA DeCK GOES HERE)
ENDDATA
(6=7-8=9)

Figure 4. Typical deck setup for Phase II.

$ PHASE THREE DMAP SEQUENCE

BLGIN $

INPUTT2 /oves/Cop=1/VeYHOLDZ=11 9

PARAM //C'N'SUB/V’NOM/V'Y'COMP/CONO1 $

PARAM //7CoN?MPY/VeNIOVER/VeNsM/CoNe3 3

INPUTT2 /CPeRPeTRUNK» o /VeNesOVER/VeYHOLD %

INPUTT2 /LAMA'MIPFULL ¢ /Z7CoNe=5/VeYsHOLD %

PARTN FULL e #CP/sCOMPMODE » ¢ /CoNs1/CoNe2/CoN10/CoNs2 9

PARTN MOUES » TRUNK » /MODEA» ¢ 0 /CoNe1/CeN22/CoeNe2 $

PARTN Q@G TRUNK ¢ /QAr 09 /CoNe1/CoNe2/CoNs2 3

MPYAD MOUEA» COMPMODE » /PHIGG/CeN2O %

MPYAD QA »COMPMODE » /QQGG/CoNe0 $

SPDR2 CASECC.CSTM.MPT,DIT.EGEXIN.SILvppBGPDT.LAMA.uQGGo
PHIGGIEST+/700Q0OPHI »OSeOF s PPHIG/C/NPREIG S

O¢P OPHL20UGsOF 10See//VeN)CARDNO %

SAVE CARDNO %

PARAM //7CoeNeSUS/VeNIMM/yiNsM/CoeNel %

COND QUTL /MM $ JUMP IF FIRST SUBSTRUCTURE
INPUTTY /e e/Corile=1/VeYo INP1=1 3

JUMP oure %

LABEL ouTy1 %

OUTPUTY oo/ /7CoNe=1/VeYo INPL %
LABEL ouT2 %

OUTPUT PHIGGr» s o //V)NyM/V, Y INPL 8
END %

Figure 5. Phase III DMAP sequence.




Since this phase uses a DMAP approach, only output requests have meaning in the Case Control
Deck and no bulk data are needed. The restart dictionary generated i in Phase 1 is used, to which is added

pvhere n is the appropriate sequence number (see Section 2.2.1 of the NASTRAN User’s Manual). A
typical deck setup is given in Figure 6.

REQUEST (OPTP,HD»S»VSNZYYYYY)
REQUEST(INPisHD*S)  RING IN
ATTACH{UT1, YOURPERMFILE s 1D=YOURZZ222)
REWIND (OPTP, INP1+UT1)
| ATTACH(N15)NASTRAN1S0 ID= TON£90970)
| MAP (OFF )
| N15,ATTACH
| RETURN(OPTP, INP1)
, EXIT.
l DMP (140000)
1 RETURN(OPTP,INPL)
} (7-8=-9)
I0 PHASEL,  THREE
. APP " DMAP
| TIME ¢
| $ (PHASE THREE DMAP SEQUENCE GOES HERE)
| $ (PHASE ONE RESTART DICTIONARY GOES HERE)
! CEND
TiITLE=DEMONSTRATION OF PHASE THREE DECK SET-UP
} $ SPC AND MPC REFERENCES ARE THE SAME AS FOR PHASE ONE

‘ SPC = 173
| MPC = 4177
OUTPUT

SET 16 = 1,3»Y THRU 16, 30,35
SET 31 = 106 THRU 135, 187 THRU 194
VECTOR = ALL
SPCFURCES = 16
ELSTRESS = 31
BEGIN BULK
ENDDATA
(6=7=-8-=9)

Figure 6. Typical deck setup for Phase III.

MODAL TRANSIENT RESPONSE ANALYSIS

'The transient response analysis via NASTRAN mode synthesis requires user direction to merge the
‘required modal data from the component partitions and then perform the response analysis. Since the
system being analyzed may be quite large, only those degrees of freedom involved in defining external
loadings or associated with extra points are used. Rigid Format 12, Modal Transient Analysis,
modified by the alter package of Figure 7, is used.

a last card reading:

| n, RE-ENTER AT DMAP SEQUENCE NUMBER 1 '
|
|
|

The system mode vector matrices for each substructure, written on a User Tape in Phase III, are
partitioned to extract the portions associated with externally loaded degrees of freedom. If extra
points are to be added at this stage (e.g., for nonlinear force definitions), the degrees of freedom
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needed to define the relationship of the extra points to the physical structure must also be included.
These truncated mode vector sets are merged to form a single truncated system mode matrix. The
system modes to be used in the response analysis are selected by the user via frequency limits or mode
count.

$ PHASE FOUR ALTER PACKAGE

ALTER 23,42

ALTER 48, 9l

$ STORE SUBSTRUCTURE LOAD AND ASSIGN PARTITION VLCTORS

INPUTTL Z0eree/CoNe=1/VeYe INP1=1 8

OUTPUTY LOAD1 e ASSIGNLer ¢ /7/Ve Y NCOMP=1/7VeY e INP1 %

OUTPUT2 LOAD1+ASSIGNLy»¢//CeNs=1/ViY»TEMP=12 $ |
$ INSERT ADDITIONAL -0UTPUT2~ STATEMENTS

$ UNTIL ALL COMPONENTS ARE TREATED

$ TEMPORARY DISK FILE (TEMP = 12) TO REDUCE TAPE MANIPULATIONS
OUTPUT} LOADZ!ASSXGNZ:ov//C'NOO/V'YoINPI s

QUTPUTZ LOAD2¢ASSIGNZ2rre//CeNe0/VeYrTEMP 3

$ CONTINUE UNTIL ALL SUBSTRUCTURES HAVE BEEN TREATED f
INPUTTH Zooer/CorNoe=1/VeYrINPL 8
INPUTTZ Z100t/CoNo=1/VoY)TEMP 3
PARAM //7CeNINOP/V Ny TRUE==1 $ !
PARAM //CoN?SUB/VINIK/VeYeNCOMP/CoNel 3 '
PURGE PHIA,MAA/TRUE $ |
JUMP TOPLOOP % |
INPUTTYL  /PHIAYMAA,GOsGMIKFS/CoNeO/VeYyINP1 9% DUMMY READ

LABEL TOPLOOP %

INPUTTY /SUBMODE s s e e /CoeNeO/VeYINPL &

INPUTT2  /LOADPASSIGNr e s Z/CoNeQ/VeY»TEMP 9

$ TRUNCATL MODE VECTOR TO LOADED AND E,P. REFERENCED DOF ONLY.,
PARTN SUBMODE"LOAD/'LOADMODE"/C'Nl1/C'N02/L'NOU/C’N'¢ $

$ ASSEMBLE SYSTEM MATRIX

MERGE , +LOADMODE , 4o yASSIGN/LDMD/CyNy1/CoN,2/CoNy2 &

ALD PHIA,LDMD/NEWMODE $

EQUIV NEWMODE ¢+ PHIA/TRUE $

PARAM (/C'N!SUB/VON!K/VON'K/C'No1 %

COND ENDLUOP K $

REPT TOPLUOP20 %

LABEL ENDLOOP %

CHKPNT PHIA %

INPUTTZ2 /LAMAYMI»» o /CyNe=5/VsY,HOLD=11 %

CHKPNT LAMAMI &

$ MODE MATRIX CONTAINING ONLY NEEDED DOF HAS NOW BEEN FORMED.

$ CONTINUE STANDARD ANALYSIS

ALTER 9494

ALTER 38,103

ALTER 125
EQUIV UHVT »UHVTX/NOUE/PPT»PPG/NOUE %
COND EOFF,NOUE $

PARTN UHVT e 0 EP/URVTX s e 0 /CoN21/CoN22/CoNe2 %

LABEL EOFF S

$ OQUTPUT SOLUTION SET RESPONSE HISTORY AND LOAD HISTORY
PARAM //CeNIMPY/ViNsSKIP/VyYyNCOMP/CyNe2 9

OUTPUT1 UHVTXePPTr oo //VeNsSKIP/VeYsINP1 %

ENDALTER

Figure 7. Phase IV alter package.
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Phase IV is similar to Phase II in that only scalar points are used. The scalar points represent all

ded coordinates and all interface coordinates for extra points, if any. The numbering scheme for
© scalar points is arbitrary; however, the partitioning vector described below must be compatible with
’e internal sequence of each component, which cannot be altered. Some logical number scheme to
cilitate bookkeeping is obviously desirable. SEQGP cards may be used to resequence scalar points.
| Note that no boundary conditions are specified. They are implicit in the modal information that
ill be used in tne analysis. All svstem data are entered in terms of the physical degrees of freedom or,
ore exactly, their scalar point equivalents. NASTRAN automatically performs the required
Ensformation to modal coordinates. -

Standard NASTRAN methods for defining external loads sets are used. The loads are applied to
¢ scalar points representing the appropriate physical degrees of freedom. It is the user’s
‘sponsibility to ensure that this assignment is correctly specified as no internal check can be made.

The interactions betweén. any extra points and the structure are defined by supplementary
thrices added to structural mass, damping, and stiffness matrices, expanded to accommodate the
ditional degrees of freedom. These matrices are input directly via DMIG bulk data cards or formed
om transfer functions entered via TF bulk data cards.

1} There is but one special parameter required for this phase: NCOMP — the number of
bstructures in the system. Partition vectors required include:

f LOADi — Identifies the degrees of freedom in substructure i to be used in the transient
’ response analysis. M = g size of the substructure. The element corresponding to the coordinate to
be used is given a value of 1. Degrees of freedom to be loaded by external forces or that are to be

| referenced by extra points are included.

‘ ASSIGNi — Identifies the portion of retained degrees of freedom of substructure i in the
assembled system representation. M = the sum of all coordinates in the structure to be employed
in the transient analysis. The element corresponding to a coordinate from substructure i has a
value of 1.

EP — Identifies position of extra points in augmented modal matrices. M = number of modes
used in transient analysis plus number of extra points. This vector is required only if extra points
are used. Further, extra points are always sequenced last in such matrices. A value of 1 indicates
position of extra point degree of freedom.

e Case Control deck includes all references required to perform a transient response analysis. In
‘.dition, output requests for solution set responses as well as applied and nonlinear force histories are
ade. A typical deck setup is illustrated in Figure 8.

[ RECOVERY OF PHYSICAL RESPONSES

|

he response of the entire structural system can be recovered on a substructure-by-substructure basis

7 using the DMAP sequence of Figure 9, the Phase I Problem Tapes, and the Phase IV User Tape. The
lution set response matrix generated in Phase IV is pre-multiplied by the appropriate partition of the
stem mode shape matrix to form the substructure response matrix. Then by using standard NASTRAN
covery methods, the full complement of output options may be exercised.

This phase is executed in a restart mode ; consequently, the mathematical model data are available
m the OPTP. (The restart dictionary must be augmented as for Phase III.) The additional
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REGUEST(INPL'HDvSvVSN:PPPPP) RING IN
ATTACH(UTI.YOURPERMFILE'ID:YOURZZZZZ)
REWIND(INPL1,UTL)
ATTACH(NlbvNASTRAN15'ID:TUNE90970)
MAP (OFF)
N15.ATTACH
RETURN(INP1)
EXIT.
DMP (140000)
RETURN(INPL)
(7-8=9)
1D PHASE » FOUR
APP VISP
SoL 12+3
TIME 2
$(PHASE FOUk ALTER PACKAGE GOES HERE)
CEND
T{TLE=DEMONSTRATION OF PHASE FOUR DECK SET=UP
$ K2PP ANU NONLINEAR REFERENCES NOT REQUIRED
$ FOR LINEAR PROGLEMS.
K2PP = EXTRA
NONLINEAR = 5

DLOAD = 75
TSTEP = 70
OUTPUT
SET 784 = 1 THRU 12,501 THRU 508
SET 208 = 1 THRU ©
SET 611 = 1 THRU 12

SET 1800 = 117+159,170,182¢197
SET 960 = 960 THRU 969
NLLOAD = 960
SDISPLACEMENT = 784
SVELOCITY = 208
SACCELERATION = 611
OLOADL = 1800
BLGIN BULK
$ (BULK DATA DECK GOES HERE)
ENDDATA
(o=7-8=9)

Figure 8. Typical deck setup for Phase IV,

information required consists solely of a partition vector, DISCARD, required to identify the syste
modes not employed in the transient analysis. M = number of system modes originally found
Phase II. Excluded modes are identified by a corresponding element value of 1.

Because this phase employs a DMAP approach, no references to boundary conditions, etc., :
needed. Titling and output requests are chosen as the user wishes for each substructure. Out
selections are for physical degrees of freedom and associated functions. A sample deck setup is sho
in Figure 10.

NASTRAN MODE SYNTHESIS SAMPLE PROBLEM

The mathematical model of Figure 11 has been developed as an aid to demonstrating the procedu
“associated with NASTRAN mode synthesis. While the system is small, it does provide the opportur
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$ PHASE FIVE DMAP SEQUENCE

BEGIN L :

PARAM /7/CoN*SUB/VINIMARK/VeYsCOMP=1/CoNvi S

INPUTTYL Zv002/CoNo=1/VoYy)INPIZ1 S

INPUTTY /SUBMODE» 29+ /VeNIMARK/V)YsINPL $

PARTN SUBMUDEs DISCARDs /MODEMAT*s»/CoNe1/CrNe2/CeN22 S

INPUTTL /UHVTXoPPTr0s/CoNe=5/ViYsINPL S

MPYAD MODEMAT'UHVTX'/UDVIT/C'N'O/C No1/CsNs1/CoNel S

CASE LRSECCOICASEXXIC [T TRAN/V  NyREPEAT==1/V,N,NOLOOP s

DPD DYNAHlCSoGPL'SXLvUSET/GPLDvSlLDoUSETDrvv'vovoEGDYN/
VeNeLUSET/VeNe LUSETD/VoNeNOTFL/VeNeNODLT/VeNeNOPSDL /
VeNeNOFRL/VeNeNONLFT/VeNeNOTRL 7V iNoNOEED/
CoNeO/VeNINOUE 8

VEC UStTD/VD/CaNoP/CvNoD/CoNoCOMP s

PARTN UDVAT»eVOD/UDSETe e o /CoNeL1/CeNe2/CoNs2 8

SDR1 USETDr» rUDSET 29 2G0sGMe 1 KFSs 0 /U »GP/CoNe 1/7CoNsDYNAMICS $

SDR2 CASEXXsCSTM)MPT,DIT)EQDYNsSILDy»»BGPDT+»PPT,QP,UDVIT,EST,XYCDB/

OPv0Q@y»OUs0S»OF »PUGV/CoNs TRANRESP $
CHKPNY PUGY $
SDRY OP»0Q,0Ur0S+0F» 70P2,002,0U29052,0F2+ %
OFP 0U200920002v0F2'OSZ://V.NOCARDNO $
END 3

Figure 9. Phase V DMAP sequence.

REGUEST (OPTPsHD +S,VSNIYYYYY)
REQUEST( INP1yHD ¢S+ VSNZPPPPP)

REWIND (OPTP, INP1)
ATTACH(N15,NASTRANLS, ID=TONE90970)
MAP(OFF)

N15,ATTACH

RETURN (OPTP, INP1)

EXIT.

DMP (140000)

RETURN(OPTP, INP1)

(7-8-9)

ID  PHASL, FIVL

APP DMAP

T1ME 2

$(PHASE FIVE DUMAP SEQUENCE GOES MERE)
$(PHASE ONE RESTART DICTIONARY GOES HERE)

CEND
TITLE=DEMONSTRATION OF PHASE FIVE DECK SET-UP
QUTPUT

SET 23 = 1+3v20918912 THRU 16

SET 38 = 38¢24,36

SET 90 = 12918424, 36+60,66

SET 91 = 12018924+ 36+60

SET 92 = 12+18+24, 36

SET 187 = 1221132
DISPLACEMENT = g0
VELOCITY = 91
ACCELERATION = 92
SPCFORCES = 187
ELSTRESS = 23
ELFORCE = 38

BEGIN BULK

$(BULK DATA DECK ADDITIONS GO HERE)
ENDDATA

(o=7=8=9)

Figure 10. Typical deck setup for Phase V.

357



El; = 2.926 x 107 kgem
W, = 45.36 kg '

El, = 8.788 x 108 kg-cm
W, = 45.36 kg

|

SUBSTRUCTURE A
Ky = 2679 % 108 glem | | UBSTR
| | !
| | :
' l
| | |
I
| | | Ely=2926x10" kgen
l I | Wq = 453.6 kg
G- @ ~ A A\ Q@ O
Ky = 8.93 x 108 g/ecm y SUBSTRUCTURE B i
| | 1 | i | ] | ] |
0 508 1016 1524 3032 2540 3048 3556 4064 4572 508

cm

Figure 11. Sample problem mathematical model.
to demonstrate the major flexibilities of the technique. The problem exhibits a redundant interfa
both free-free and constrained component modes, and nonlinear elements.

The system to be analyzed consists of three uniform elastic beams in parallel, connected
spring elements. The springs connecting the upper beam to the middle one are nonlinear and exhil
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dead zone about the null deflection point. Excitation is provided by a sinusoidal force acting vertically
at the end of the lowest beam.

For demonstration purposes, the structure is modeled as two components (see Figure 11). The
first, identified as substructure A, consists of the upper and middle beams and the springs between
‘middle beam and the lower beam. The second component, substructure B, is composed of the lower
‘beam and its support springs. The component modes for substructure A are developed for the linear
portions of the structure only — the nonlinear portions are added when the transient studies are
performed. _

The first user judgment comes immediately when he must decide which eomponent modes to use
;in the synthesis. For the transient response study to follow, the 30 Hz sinusoidal applied
force suggests the desirability of good system definition up to about 100 Hz. Based on this objective, a
inominal cutoff of 300 Hz for component modes was chosen. For substructure A this presents no
"problem — the 14 lowest frequency modes plus the three static modes are selected. For
'substructure B, however, this criterion conflicts with the distribution of modal frequencies. Five
rvibration modes exist for substructure B that have frequencies under 300 Hz. Adding the three static
imodes gives a total of eight. However, the substructure only has seven independent degrees of
tfreedom. The solution of the conflict was chosen to be a violation of the 300 Hz component mode
‘criterion. For demonstration purposes, still another mode was deleted; thus the three static modes and
ithree dynamic modes with a highest frequency of 33.7 remain. The resulting system modal frequencies
'did not show significant error until the 11th elastic mode (70 Hz), where just under 1% error in
frequency is observed. . However, some degradation of response accuracy results from this
“' compromise modeling technique.

} The nonlinear elements between upper and middle beams are integrated with the elastic structure

definition by addition of extra points and use of a direct input matrix.

J‘ Comparison of the results obtained via mode synthesis with those acquired from the standard
modal transient study indicates excellent correlation for component A (see Table 1), with errors
limited to under 1% for displacements and accelerations and under 3% for internal loads. The effect of
'the severe truncation of the substructure B mode set is apparent when comparing results with the
standard study (Table 1). Displacement and acceleration values are quite good, with errors of less than 1%,

even though the error terms are substantially larger than those for substructure A. Bending moments
and shears for the selected beam element are in error by 10.7%, because the limited number of elastic

~modes used in the study was inadequate to give good representation. For the more general case, with a

| great many more degrees of freedom in the substructure, it will be possible to employ an adequate
number of substructure modes to provide sufficient description of elastic behavior.

!
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Table 1. Summary of peak responses.

Response Quantity

Grid or Ele- Synthesized
ment ID Quantity Standard Analysis Analysis Error %
101 DISP -4.29 429 <0.01
201 DISP -3.10 3.10 <0.01
301 DISP 1.11 1.11 0.2
101 ACC 584 x 104 584 x 104 0.0
201 ACC 7.12 x 104 7.13 x 104 0.0¢
301 ACC 1.65 x 10% 1.66 x 104 0.5¢
51 FORCE 1.43 x 104 1.44 x 104 0.2
53 FORCE 458 x 104 458 x 10% 0.0:
3 (BM) o 1.49 x 109 1.48 x 109 0.2
3 (BM)g 6.60 x 104 6.60 x 104 0.0
3 SHEAR 1.16 x 104 1.15 x 10% 0.81
10 (BM) o 4.10 x 10° 3.97 x 109 2.9
10 (BM)g 458 x 109 4.72 x 109 2.9!
10 SHEAR 6.65 x 103 6.78 x 103 1.9
31 (BM) , 0 : 0 :
31 (BM)g 1.31 x 10 1.17 x 10° 10.
31 SHEAR 5.25 x 10% 4.69 x 104 10.
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